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Entanglement—one of the most delicate phenomena in
nature—is an essential resource for quantum information ap-
plications1,2. Large entangled cluster states have been pre-
dicted to enable universal quantum computation3, with the
required single-qubit measurements readily implemented
with photons4,5. Useful large-scale systems must generate
and control qubit entanglement on-chip, where quantum in-
formation is naturally encoded in photon path. Here we
report a silicon photonic chip which integrates resonant-
enhanced sources, filters, and reconfigurable optics to gen-
erate a path-entangled two-qubit state—the smallest non-
trivial cluster state—and analyse its entanglement. We
show that ring-resonator-based spontaneous four-wave mix-
ing sources can be made highly indistinguishable, despite
their nonlinear dynamics6–8, and the first evidence that their
frequency correlations are small, as predicted 9. We use
quantum state tomography, and the strict Bell-CHSH in-
equality10 to quantify entanglement in the device, confirm-
ing its high performance. This work integrates essential
components for building devices and systems to harness
quantum entanglement on the large scale.
Quantum entanglement is at the heart of quantum infor-
mation science: entanglement between photons and the vac-
uum gives security to quantum communications channels; en-
tanglement between photons passing through a sample en-
ables its super-resolution measurement; and entanglement be-
tween qubits provides the tremendous power behind quan-
tum computation. Entanglement is regularly generated in
bulk- or fibre-based quantum optical systems by directly us-
ing the intrinsic polarisation correlations of the photon-pair
source 11,12, and on-chip using post-selected logic gates 13,14.
On-chip sources of photon pairs have been recently devel-
oped15–18, but rely on nonlinear processes in which all fields—
pump, signal, and idler—are co-polarised, both due to the in-
creased strength of such processes, and due to the difficulty
of controlling polarisation with integrated optics (with some
exceptions19–21). Since source-based entanglement typically
lies in the photonic polarisation degree of freedom, on-chip
sources of path qubit entanglement have been scarce.
We present a silicon-on-insulator photonic chip, operating
in the central telecommunications band, which can generate
and analyse the path entanglement produced by two coher-
ently pumped photon-pair sources. As shown in Fig. 1, a
pulsed pump laser is launched into two microring photon-pair
sources which produce pairs in a superposition between being
created in one source or the other. The device reconfigures this
superposition, using on-chip filters and a waveguide crossing,
into an entanglement between two photonic path qubits. Fi-
nally, these path qubits are analysed using two on-chip Mach-
Zehnder interferometers. The pump laser, pump-suppressing
filters, and detectors are all fibre-integrated, off the chip. In
this letter, we integrate narrow-band photon sources, spectral
filters, and reconfigurable photonic systems into a single de-
vice. We describe and quantify the performance of each of
these functionalities, culminating with a precise estimation of
the on-chip path-entangled state, and a strict measurement of
its entanglement.
Spontaneous four-wave mixing (SFWM) 17,18 is an effect of
the third order nonlinear susceptibility χ(3) of the medium—
the silicon waveguide core. We use SFWM to produce photon
pairs on-chip. By convention, the two constituents of each pair
are referred to as ‘signal’ and ‘idler’ photons, with frequencies
νs and νi, equally spaced on either side of the pump frequency
νp; we will refer to the higher-energy photon as the signal (i.e.
νs > νp > νi).
Figure 1 | Schematic layout of the device. A picosecond pump pulse is coupled into the silicon chip where it generates a superposition of
photon pairs via spontaneous four-wave mixing. This superposition is separated into signal (blue) and idler (red) path qubits, which are analysed
by two Mach-Zehnder interferometers. Photons at the output are separated from residual pump by fibre wavelength-division multiplexers (not
shown) and collected by single-photon detectors.
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Figure 2 | Spectral characteristics of the experiment. a, Spectral
layout of source (dips) and filter (peaks) resonances in the central
telecommunications band. Source free spectral range is 800 GHz, to
match the 200 GHz ITU grid. b, Two-photon fringe visibility mea-
sured as a function of top-to-bottom source detuning, as the top
resonances were scanned over the stationary bottom resonances. In-
set: representative two-photon fringe corresponding to peak visibility
value (highlighted). The residual visibility is due to interference with
pairs generated in the straight waveguide. Error bars represent three
standard errors of each sinusoidal regression. Shaded region on fit
represents one standard deviation in visibility. Measured joint spec-
tral density profiles for the top (c), and bottom (d) microring sources,
as well as from a model based on the linear resonator characteristics
(e).
SFWM acts to annihilate two photons from the (degenerate)
pump and create the signal and idler at new frequencies, via
the phenomenological Hamiltonian Hˆ ∝ a†i a
2
pa†s + aia†p
2as.
Each SFWM event conserves the energy and momentum of the
input photons. In our experiment, SFWM occurs in the opti-
cal cavities formed by two microring resonators, which mod-
ify the density of states of the parametric fluorescence, and
structure the spectrum of these photon pairs into bright flu-
orescent peaks around the cavity resonances22. This structure
differs from the characteristic flat, broad spectrum of straight-
waveguide-based sources, which is shaped by momentum
conservation alone.
We pumped on resonance with the cavity at νp, and col-
lected signal and idler photons from adjacent cavity reso-
nances, one free spectral range (FSR) over, at νs,i = νp ±
800 GHz. The cavity linewidth was 21 GHz. Source reso-
nances cause the highlighted dips in the transmission spec-
trum of Fig. 2a; the peaks in that spectrum are due to the
signal-idler filters, discussed later. Our pump laser produced
10.8-ps pulses, with a 40 GHz linewidth, at a rate of 51 MHz.
Since SFWM takes in two pump photons, its efficiency scales
quadratically with pump power for low squeezing values.
However, due to the strong two-photon absorption (TPA) of
silicon in the near-infrared, this quadratic scaling only holds
at low power, before TPA starts to dominate23. In our mea-
surements, an average pump power of 150 µW (253 mW peak)
was delivered, leading to generation probabilities of 0.06 and
0.09 pairs per pulse for the two sources. System losses reduced
these at-source generation rates to around 30 measured coin-
cidences per second, with a coincidence-to-accidental ratio of
around 10. An imbalance in source efficiency between the top
and bottom was somewhat compensated by the measured 54%
reflectivity of the first coupler, leading to a source balance of
β = 43%.
Interference between photons from different sources re-
quires those photons to be indistinguishable in all degrees of
freedom, but spectral indistinguishability poses a particular
challenge. We refer to this spectral indistinguishability as the
overlap, σ, which runs from σ = 0 for fully distinguishable
photon pairs to σ = 1 for indistinguishable ones. We explored
the overlap between the two microring sources by configur-
ing the device to interfere the signal-idler superposition on
the ‘idler’ interferometer of Fig. 1, which was configured as
a beamsplitter, and sweeping one source resonance over the
other (see Methods). In this way, we could observe two-photon
fringes analogous to those in ref. 15, and measure changes in
the quality of the quantum interference as the two sources were
tuned together. The fringe visibility as a function of source
detuning is plotted in Fig. 2b. Accounting for source imbal-
ance, and multi-pair events, we compute the maximum (σ = 1)
observable visibility as 96.0%. We observed a peak visibility
of 95.8 ± 2.1% when the two sources were tuned. This cor-
responds to a near-perfect overlap of σ = 0.99 ± 0.08. See
Supplementary Section 2 for details. When the two sources
were completely detuned, the visibility reached a floor of 37%,
caused by residual interference between broadband photon
pairs produced in the non-resonant parts of the interferome-
ter and the single remaining microring source. This visibil-
ity indicates that the spectral brightness of the bus waveg-
uide was 1% of that of the tuned microring. Since all subse-
quent measurements were performed through the on-chip fil-
ters, this waveguide-generated flux did not significantly con-
tribute to our statistics. These data show that the two micror-
ing sources could be made indistinguishable, and exhibited
brightness which dominated the background SFWM occurring
in the rest of the interferometer.
High-purity photon-pair sources—for heralded- or multi-
photon experiments—require that, given the frequency of the
signal photon, we gain minimal information about the fre-
quency of the idler photon, and vice versa—their frequency
states are separable. By pumping the source cavities with spec-
trally broad pulses, we relax the energy and momentum re-
quirements of the SFWM process. The emitted signal and idler
photons then naturally and independently take on the struc-
ture of the cavity enhancement, which has been predicted to
improve their spectral separability 9. To quantify this separa-
bility, we measured the signal-idler joint spectral density (JSD)
using the stimulated emission tomography method of ref. 24.
Measured JSD profiles are shown in Figs. 2c and 2d, for
the top and bottom microring sources showing an overlap of
2
σ = 0.962. They exhibit a residual spectral entanglement
(and corresponding multi-mode squeezing) with the number
of modes quantified by the Schmidt number K, where 1/K
would be the visibility of a triggered Hong-Ou-Mandel inter-
ference dip. We measured K > 1.19 for the top source, and
K > 1.17 for the bottom source, where K = 1 represents perfect
two-mode squeezing, and spectral separability. These values
represent lower bounds on K because our measurements only
give information on the magnitude of the joint spectral ampli-
tude (JSA), not the phase. We use the bright-light response,
obtained by scanning a tuneable laser over the source reso-
nances, to inform our model for the SFWM inside each source
resonator. This model takes in the cavity response, the pump
lineshape, and the waveguide dispersion and gives as output
the theoretical JSD of Fig. 2e (see Supplementary Section 5 for
model details). The theoretically predicted linewidth is some-
what narrower than what we measured; we attribute the dif-
ference to self-phase modulation occurring inside each cavity.
In straight-waveguide source designs, spectral separability is
only achievable by inserting a narrow spectral filter after the
pair-generation process 15,19,25, which necessarily reduces the
source brightness. For bright heralded photon-pair sources,
a naturally un-correlated joint spectral density, like those we
have shown, is desirable.
Each pair is produced in a superposition of being gener-
ated in the top and bottom microring sources simultaneously,
since we pump with only enough power to produce one pho-
ton pair and there is a fixed phase relationship between the two
sources. This pair superposition is then converted into an en-
tanglement between two qubits, each composed of a single sig-
nal or idler photon in one or another of two waveguide paths.
The signal and idler photons are separated by on-chip filters.
These filters, formed by double-bus microring resonators26,
exhibited a selectivity of 22 dB, a bandwidth of 35 GHz, and
a loss which was negligible compared to the system loss. Their
640-GHz FSR was designed to select the signal photon, while
maximally rejecting the idler (see peaks in Fig. 2b). Finally, the
frequency demultiplexed waveguides are rearranged to group
the signal and idler paths together. Written in the form of a
density matrix, and in terms of the experimental parameters β,
σ, and Θ, the resulting qubit-basis state is
ρˆth = |00〉〈00| · β
+ |11〉〈11| · (1− β)
+ |00〉〈11| · e−iΘ√β√1− β · σ
+ |11〉〈00| · e+iΘ√β√1− β · σ∗
(1)
where the balance β describes the relative brightness of the two
sources, the overlap σ quantifies the spectral indistinguisha-
bility of the two sources, and Θ accumulates the intrinsic total
phase between the two qubits. We define a photon in the top
(bottom) waveguide of each qubit to be a logical |0〉 (|1〉), and
the first (second) qubit of each pair to be the signal (idler). For
example, |00〉〈00|β means both qubits have a photon in the top
mode with probability β. Experimentally, we can control the
balance β by adjusting the tuning of the filters (at the expense
of spectral overlap), and we control the overlap σ by tuning the
two microring sources. If the flux from the two sources is bal-
anced (β = 1/2) and the source joint spectra overlap perfectly
(σ = 1) then ρˆth is in the family of maximally entangled Bell
Figure 3 | Summary of measurements in the context of Bell-CHSH
inequality violation. a, Map showing violation S as a function of
source balance β and overlap σ, with listing of measurement results
overlaid. If S < 2, measurement correlations on the state can be de-
scribed classically, while if S > 2, a quantum description is required
as the state is entangled. By measuring: (i) the brightness of each
source, we can estimate the balance β; (ii) the quantum state, via
quantum state tomography we can estimate both the balance β and
the overlap σ; (iii) correlated fringes we obtain a value for the vio-
lation S(β, σ); and (iv) the overlap between measured joint spectra
gives σ. The measurement of σ in (iv) naturally excludes multi-
photon contamination, while the other measurements (i-iii) necessar-
ily include it, and result in lower values of σ as a consequence. b,
Fringes generated by Rˆz rotations on signal and idler qubits, allowing
a direct measurement of CHSH S parameter (denoted measurement
(iii) in part a).
states. If β ∈ {0, 1} then ρˆth is separable; if σ = 0 then ρˆth is
mixed. See Supplementary Section 1 for a detailed state evolu-
tion, and a short discussion on the origin of the entanglement
in this device.
The on-chip state was manipulated and measured using in-
tegrated single-qubit analysis Mach-Zehnder interferometers.
These interferometers, shown in Fig. 1, implemented Rˆz and
Rˆy rotations by angles θSZ, θIZ, θSY, and θIY on the signal (S)
and idler (I) qubits, respectively. These rotations facilitated
single-qubit measurements on the generated two-qubit state.
Photons from the two qubits were counted using coincidences
between two 25%-efficient avalanche photodiodes, gated on
each laser pulse.
A well known test of quantum non-locality, as well as an
indicator of the entanglement present in a quantum state27, is
based on the reformulation of Bell’s original inequality due to
Clauser, Horne, Shimony and Holt (CHSH) 28. In this test, a
parameter S is evaluated10, whose value indicates the presence
of non-locality: if S > 2, the state is non-local; if S = 2
√
2 the
state is maximally entangled.
We can explicitly calculate the S which results from ρˆth of
Eq. 1, to quantify how the violation depends on the balance
and source overlap (see Supplementary Section 3):
S =
√
2
(
1 + 2σ
√
β
√
1− β
)
(2)
3
which reaches the maximum violation of 2
√
2 when σ = 1 and
β = 1/2, and decreases as the overlap and balance deviate
from these values. Equation 2 is plotted as a contour in Fig. 3a,
showing the level of entanglement indicated by each of our
measurements (i-iv).
One manifestation of the entanglement present in our on-
chip state (equation 1) is the presence of the non-local phase
factor Θ. As a result of this factor, Rˆz rotations applied to each
qubit cannot be observed independently: each equally con-
tributes to the total phase of the state, Θ. To demonstrate this,
we configured the signal and idler Rˆy rotations to mix the two
modes of each qubit (θSY = θIY = pi/2), then manipulated
both θSZ and θIZ, and observed coincidence fringes with an en-
tangled phase Θ = θSZ + θIZ, shown in Fig. 3b. These fringes
exhibit a mean visibility of 94.7± 1.0% which is consistent with
a strong CHSH violation of S = 2.686± 0.026. This value of S
violates the inequality by 83% and by 26 standard deviations.
For any quantum system the total accessible information of
its quantum state is encoded in its density matrix ρˆex. Quan-
tum state tomography29,30 is the process of experimentally es-
timating ρˆex based on a series of measurements. We made an
over-complete set31 of thirty-six measurements on the state us-
ing the on-chip interferometers, and used the results to esti-
mate ρˆex. See Supplementary Section 4 and Methods for de-
tails. We produced a series of on-chip states—those that were
separable, mixed, and entangled—by using different config-
urations of source and filter tuning. Manipulated both the
source balance (β) and frequency overlap (σ), we observed
changes in the resulting state in agreement with the predictions
of equation 1. In the first measurement, we tuned only the top
source and filter, and detuned the bottom filter, effectively set-
ting β = 1. We estimated the state shown in Fig. 4a, which ex-
hibits a peak in the pure |00〉 component, as expected (a similar
result was obtained with the top filter detuned, with 96± 1%
fidelity, see Supplementary Figure 6). Next, we tuned both fil-
ters to match each source, but did not tune the two sources
to overlap, effectively setting β = 1/2 and σ = 0. We ob-
served amplitude in both the |00〉 and |11〉 components, but
without coherence terms (|00〉〈11| and |11〉〈00|), as shown in
Fig. 4b. As predicted by equation 1, this is due to a lack of spec-
tral overlap between photons produced in the top and bottom
sources, which results in no interference at the analysis inter-
ferometers. Indeed, the estimated state is mixed, with a purity
of 0.49± 0.01 (with 0.5 expected). Due to the lack of coherence,
we were able to use the filter lineshapes to balance the source
brightness, achieving β = 0.49. Finally, we tuned all four mi-
crorings to overlap, and measured the highly entangled state
of Fig. 4c, in which both sources are producing photons, and
are mutually coherent.
We evaluated the Bell-CHSH S parameter for the above en-
tangled state (Fig. 4c), and found S = 2.692± 0.018. This value
violates the inequality by 83% and by 38 standard deviations,
and is in excellent agreement with our estimation based on cor-
related fringes (Fig. 3b).
To compare the probability amplitudes of a measured state
ρˆex with those of an expected state ρˆth, we evaluate the fidelity
F as
F = Tr
(√√
ρˆth · ρˆex ·
√
ρˆth
)
(3)
where the matrix square root is defined as
√
ρˆ ·√ρˆ = ρˆ. The fi-
Figure 4 | On-chip states for various device configurations, esti-
mated using integrated analysis interferometers. Measured states are
enlarged at left, with target states and corresponding fidelity (as de-
fined in text) at right. State corresponding to a, top source only (with
bottom source detuned) b, both sources tuned but not overlapped,
showing mixed state, and c, both sources tuned and overlapped,
showing path qubit entanglement.
delity F of two states runs from 0 to 1: F = 1 indicates the states
are identical, while F = 0 indicates orthogonality. We used F
to gauge the ability of our device to prepare the three target
states indicated in Figs. 4a-c, finding F > 90% in all cases.
We have demonstrated bright and spectrally-separable
photon-pair sources, phase-stable frequency-selective ele-
ments, and passive and active optics integrated on a silicon
chip, and used them together to generate and analyse path-
qubit entanglement at optical frequencies compatible with
telecommunications networks. We used a new method24 to
provide evidence that the silicon microring source can pro-
duce spectrally uncorrelated photons—making this structure a
promising candidate for future multi-pair experiments on sili-
con chips. Moreover, we were able to overlap two such micror-
ings to a high degree, obtaining high-visibility quantum inter-
ference between them, despite their well-documented6,32 non-
linear dynamics. We showed how the on-chip state strongly vi-
olates the Bell-CHSH test—a strict test of entanglement—and
confirmed this experimentally in several different ways, in-
cluding via an on-chip quantum state tomography. That such
4
a high degree of entanglement is generated and preserved by
the device indicates the high-fidelity operation of all its con-
stituent parts.
By assembling and characterising a path-entangled Bell
state on-chip, we have shown that silicon photonics, with
its inherently mature and scalable manufacturing process,
can be used to produce the most basic cluster state—one
formed of two qubits. Large cluster states, combined with
the single-qubit measurements we have shown here, are the
resources needed for measurement-based quantum computa-
tion, a promising approach to universal quantum computation
with photons3–5. Producing these exotic states remains a great
challenge, but our results show that microring SFWM sources
and on-chip frequency manipulation will be useful tools for
producing the indistinguishable and frequency-separable pho-
tons which are needed to engineer photonic quantum informa-
tion systems to scales well beyond today’s experiments.
Methods
Device fabrication. The device was fabricated on a silicon-on-insulator wafer
with a 220-nm silicon slab and a 2-µm buried oxide layer. The waveguides were
500 nm wide, and were patterned using direct-write electron beam lithography
into a hydrogen silsesquioxane resist layer, used as a hard mask for the reactive
ion etching of the silicon slab. These structures were subsequently coated with
a 900-nm silica layer. Phase shifters were based on resistive heaters, patterned
atop the silica layer using a lift-off technique on a 50-nm nickel-chromium film.
Electrical traces connecting the heater elements were similarly patterned in a 200-
nm gold layer.
All waveguide-waveguide couplers were fabricated as evanescent field (di-
rectional) couplers with 300-nm gaps. Losses were minimised at waveguide
crossings via tapered sections, and fibre-to-chip coupling was achieved using
inverse silicon tapers embedded in 2× 1.5-µm2 SU8 polymer waveguides.
Source overlap measurement. To obtain the data of Fig. 2b, we spectrally swept
the top microring source resonance across the bottom one, while interfering
the generated pairs on the bottom Mach-Zehnder interferometer (MZI, denoted
Rˆy(θIY) in Fig. 1). To allow both signal and idler photons to reach the bottom
MZI, we detuned both filter microrings, such that they were effectively removed
from the light path, and both signal and idler photons were reflected down-
wards. To allow interference to occur on the bottom MZI, we configured it as
a simple beamsplitter by setting θIY = pi/2. We then measured coincidences
across the bottom two output ports of the device (labelled |0〉i and |1〉i in Fig. 1)
while at the same time varying θIZ to form fringes. We fit these fringes sinu-
soidally to extract the visibility of each, and these visibility data are plotted in
Fig. 2b.
Projector calibration. The rotations Rˆy(θSY), Rˆy(θIY), Rˆz(θSZ), and Rˆz(θIZ) were
used to analyse the states generated on-chip. To do so, we calibrated the phase-
voltage relationship of each phase shifter independently. We injected laser light
into the device and recorded the output intensity I from each interferometer as a
function of the phases, obtaining I(θSY, θSZ) and I(θIY, θIZ). We fit the data with
a model of the double interferometer (which included the first on-chip coupler),
yielding the various coupler reflectivities and phase-voltage relationships. These
data and models are plotted in Supplementary Figure 5. Since we were unable to
determine the absolute values of θSZ and θIZ, we defined these phases relatively.
We used the resulting models to control the on-chip phase shifters as required by
each part of the experiment.
Quantum state tomography. We used the on-chip rotations to implement an in-
formationally over-complete 33 set of thirty-six projective measurements on two
qubits, to reconstruct ρˆex. Each measurement projected each of the two qubits
onto one of the six states: |0〉, |1〉, |+〉, |−〉, |+i〉 or |−i〉. We then performed a
multi-dimensional search for the two-qubit state ρˆth which could best explain
the measurement outcomes, based on a constrained least squares (CLS) estima-
tor. The problem is defined as:
ρˆth = arg min
ρˆ
{
∑
i
∣∣Pex(i)− Pρˆ(i)∣∣2} (4)
Where ρˆ is the density matrix generated internally by the search algorithm, with
the condition that it is physical: i.e. hermitian, positive semi-definite, and with
trace one. Pex(i) is the ith experimental probability estimate, and Pρˆ(i) is the
corresponding computed result based on the application of the ith projector to ρˆ.
Experimental uncertainty per count was measured using residuals from a
number of coincidence fringes. This was used to estimate the uncertainty on
each Pex(i). A Monte-Carlo method was then used to sample 500 reconstructions
around the measured values Pex(i), and the uncertainty in each tomographic pa-
rameter (fidelity, S, etc.) was estimated from the distribution of these reconstruc-
tions.
Joint spectral density measurement. In obtaining the data of Figs. 2c and 2c,
we followed closely the prescription of Liscidini et al. 24, and the method of Eck-
stein et al. 34. We tuned each ring separately, and pumped them as detailed in the
main text. A narrow linewidth seed laser was swept across one resonance of each
ring, and the stimulated four-wave mixing (FWM) was collected by a spectrom-
eter. The seed field was provided by an amplified tuneable laser with 10 kHz
linewidth (Photonetics Tunics Plus). We reduced the launched seed power until
no evidence of seed-induced optical bi-stability remained. The stimulated FWM
signal was collected by an optical spectrum analyser with a 6-GHz resolution
(Anritsu MS9740A).
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